INTRODUCTION
The question of the origin of milk sugar is undoubtedly one of the most interesting problems of carbohydrate metabolism. As lactose is found only in milk, it is of interest to determine the mechanism of lactose synthesis in the body.
There are three problems which must be considered. First, the place of synthesis; second, the precursors from which lactose is formed; and third, the agency of synthesis.
Bert (1) in 1884 appears to have been one of the earliest physiologists to study the place of synthesis of lactose. He advanced the following hypotheses: (1) The lactose was formed from constituents stored in the mammary gland similar to the storage of glycogen in the liver; or, (2) the lactose was formed by the blood and secreted in the mammary gland. To test out the latter hypothesis Bert conceived the idea of removing the mammary glands before pregnancy and then examining the urine for sugar during pregnancy and after parturition. This experiment was performed on two goats. Tests of the urine during pregnancy showed no trace of sugar, whereas following parturition considerable amounts of glucose were detected during a period of 3 or 4 days. Bert concluded that the milk sugar is formed in the mammary gland from sugar of the blood liberated in excess--probably from the liver--after parturition.
Other experiments of this same type on guinea pigs by Bert gave negative results. Evidence of a negative character was also obtained by Marshall and Kirkness (2) and Moore and Parker (3) . Foa (4) removed the mammary glands of goats and found a hyperglycemia. The operations lasted 7 hours. However, as operative procedures under anesthesia cause an increase in the blood sugar content associated with a reduction or impairment of renal function, Foa's experiment cannot be considered critical.
In a series of papers Porcher (5) reports further study concerned with the origin of lactose. He repeated the experiment of Bert but tested the urine excreted by the experimental goats for the presence of both glucose and lactose. He confirmed the results of Bert that following parturition there is a glycosuria but the sugar content was observed to decline very rapidly. The sugar present in the urine was found to be glucose. However, on the 2nd and 3rd day a small amount of lactose was found and upon observation of the animals it was found that some gland tissue was present in spite of the precautions at the time of operation. Porcher concluded that the active mammary tissue changes the glucose which is brought to it by the blood into lactose.
Gowen and Tobey (6) have shown that the dry udder of the dairy cow is entirely free of reducing sugar.
The normal sugar found in the blood is glucose. While lactose may be found in the blood it is quickly eliminated by the kidney as a foreign sugar. The recent work of Hayden (7) indicates that a considerable amount of lactose is present in the blood of lactating dairy cattle following the inflation of the udder with air in the course of treatment for milk fever.
The milk sugar, lactose, is a combination of glucose and galactose. The glucose is present in the blood and unquestionably is the precursor of the glucose of lactose. The source of the galactose requires further consideration. An examination of the foods of herbivorous animals by Muntz (8) indicated that these animals consumed enough galactosecontaining compounds to account for the galactose portion of the lactose which they formed. However, women and carnivorous animals consume insufficient galactose-yielding substances to account for the lactose which they produce.
A further objection to the theory that galactose is brought pre-formed to the mammary gland is the observation of Porcher (5) that galactose was not found in the urine of goats after parturition when the glands had been removed. A new method of experimental procedure was devised by Kaufmann and Magne (9) to determine the extent of the transformation of glucose of the blood into lactose by the mammary gland. Samples of blood were taken simultaneously from the jugular vein and the subcutaneous abdominal vein of the cow with as little disturbance as possible. They found that the glucose content of the two samples was practically the same in dry cows. In a cow about to calve, the use of glucose by the mammary glands was indicated by the lowering of the glucose content of the mammary blood over 20 per cent in comparison with the jugular blood.
In lactating cows there was considerable variation in the glucose content of the two samples of blood from the two veins--from 7 to 29 per cent--with the average of ten samples showing a decrease of 16.8 per cent. These results give added support to the theory that the glucose of the blood is the precursor of lactose.
Blackwood and Stifling (10) used the Kaufmann-Mague technique but made a correction for the concentration of the jugular blood by the withdrawal of water from the arterial blood during salivation, and found that the blood from the mammary vein was still considerably lower than that of the jugular vein.
Storage of glycogen in the mammary gland of the guinea pig is very limited according to the observations of Barrenscheen and Alders (11) . On a dry weight basis they found from 1.5 to 2.0 rag. of glycogen per gram of dried residue. No significant difference was noted between the dry and lactating glands.
As regards the actual mode by which the milk sugar is formed very little is known. Since lactose occurs only in milk it is assumed to be a synthetic product of the mammary gland. The theory has been advanced that there should be a lactose-synthesizing enzyme in the mammary gland capable of converting glucose into galactose and then of combining the two hexoses into lactose. It has been also thought that there were stereokinases in the mammary gland which could convert sucrose into lactose. However, Nitzecu (12) observed that neither sucrose nor lactose could be utilized by the lactating mammary gland. Maltose, however, appeared to be utilized. Hesse (13) prepared a maltosazone from a digest of macerated glands, and he believed that maltose may be an intermediary product of lactose formation. Bradley (14) using gland preparations from animals in the height of lactation was unable to cause any destruction of lactose solutions of known strength and concluded that the enzyme lactase is not present and that the lactose of the milk is not synthesized through the agency of this enzyme. Kleiner and Tauber (15) were unable to obtain any evidence of lactase or of lactose-synthesizing power in their glycerol udder extracts. They did find a maltose enzyme in the gland extract which was capable of hydrolyzing maltose into glucose. However, their animals were slaughter-house animals in an unknown condition of lactation; and furthermore, the lactosesynthesizing enzyme, if there be such in the gland, may be glycerolinsoluble.
The present work which adopts the modern delicate and precise technique for the determination of sugar in blood, demonstrates that the actively lactating mammary gland does have the power of synthesizing lactose; and that the agency by which this synthesis is accomplished is not by way of a lactose enzyme which is capable of splitting lactose.
EXPERIMENTAL
These preliminary experiments were undertaken in an attempt to ascertain whether the actively secreting mammary gland when dissected free from the animal, taking care not to alter any of the in situ conditions, would yield a synthesis of milk sugar in the test tube. This would be unquestionable proof that the mammary gland itself is the site of formation of milk sugar, and not merely a secreting gland for lactose.
For its convenience and availability the rat has been used as the experimental animal. The rat's mammary glands, though small, are easy to dissect out; and the rat glands are apparently quite active in secreting lactose. The lactose content of rat milk is reasonably high in the scale, being approximately 3.4 per cent as determined by Mayer (16) . The rat nurses its young, of which it has many, for a period of 3 to 4 weeks, reaching the height of lactation at 7 to 10 days, at which time the glands were dissected out for use.
The technique for removing the glands and preparing for use was as follows: The rats were anesthetized with ether. A nose-bag made from a Gooch crucible in which a pluglet of cotton is inserted is very convenient for maintaining the animals under the anesthesia while operating. A median longitudinal incision was made and the skin over the two caudal glands reflected. The glands were then quickly frozen in situ with either a spray of ethyl chloride or by using powdered COs snow packed around the gland. After the glands were frozen they were quickly dissected entirely out and placed in a dish containing powdered CO~ snow. The glands were then placed in a high vacuum desiccator and dried, the gland remaining frozen during the entire drying process, thereby giving no occasion for autolysis.
During the drying it was occasionally necessary to refreeze the gland. The drying process took from 5 to 18 hours depending on the size of the glands. After drying was complete the gland was ground in a mortar and thoroughly mixed. The dry gland has a "moist" consistency because of the contained fat.
The initial experiment consisted of adding portions of the dried mammary gland of the rat to freshly prepared pigs' serum, incubating for a period of 12 to 24 hours, and determining the sugar content in terms of glucose by means of the copper reduction method for the determination of glucose in blood and serum of Somogyi-Shaffer-Hartmann (17) . Tubes were prepared and incubated containing: (1) pigs' serum plus 100 rag. per cent glucose plus gland; (2) pigs' serum plus 100 rag. per cent galactose plus gland; (3) pigs' serum plus 100 rag. per cent lactose plus gland; and controls for the above: (4) pigs' serum plus 100 rag. per cent glucose; (5) pigs' serum plus 100 rag. per cent galactose; (6) pigs' serum plus 100 rag. per cent lactose; (7) pigs' serum plus gland; (8) gland alone; (9) serum alone.
The amount of gland used was 0.4 gin. per 5 cc. of substrate. The tubes were incubated for 18 hours at 37.5°C. after which the proteins were removed by the zinc method of Somogyi (17) . It should be borne in mind that it is very important that a/~ the proteins be removed from the filtrates before the sugar determinations are run. In the case of the filtrate which has only the gland plus the distilled water the small amounts of protein which go in solution must be removed.
After incubation and removal of proteins (preparation of protein-free filtrates) the sugar content in terms of milligrams of glucose per 100 cc. of solution was determined; then 5 cc. samples of the filtrates were taken and fermented with washed bakers' yeast, using 1 cc. of a 10 per cent solution of yeast in water, and the reducing power again determined. It is very important that the yeast be thoroughly washed before using, by suspending in distilled water and centrifuging, resuspending and recentrifuging, repeating this process two or three times.
The results of this experiment are shown in Table I . The results are striking in that after incubation the solutions containing the active mammary gland show a significant increase in reducing power. The following experiment was made in an attempt to ascertain whether we could obtain an apparent synthesis of lactose using the entire gland in a glucose solution alone. The following tubes were prepared: (1) glucose plus gland; and controls for the above: (2) distilled water plus gland; (3) glucose solution alone. 0.4 gin. of gland in 5 cc. of substrate was used. The glucose was 100 nag. per cent.
In
The tubes were incubated at 37.5°C. for 24 hours, after which the proteins were removed as previously by the zinc method of Somogyi, and the amount of sugar in terms of milligrams per cent glucose determined. 5 cc. samples of the filtrates were then fermented with ordinary yeast and the amount of sugar again determined. The sugar was determined by the recent copper-iodometric method of Shaffer and Somogyi, Reagent 50 containing 5 gm. of potassium iodide (18).
5 cc. samples of the filtrates were then hydrolyzed by adding ½ ce. of l0 N H~SO4 (giving an approximately 1 N solution) and placing in a boiling water bath for a period of 2 hours. The filtrates were then neutralized with sodium hydroxide using Congo red as an indicator. It is necessary to use an indicator which has an end-point slightly on the acid side as a too alkaline solution will alter the conditions of sugar oxidation. The results of this experiment are given in Table II. It will be observed that the lactose calculated from the sugar determinations before and after hydrolysis is in agreement with the lactose as obtained by the sugar determinations before and after fermentation. The manner in which the lactose is calculated from the sugar determinations before and after hydrolysis is as follows: The reducing power of lactose is 46 per cent of that of glucose (per equal weight) as tions and two unknowns, X, the amount of glucose present, and Y, the amount of lactose present before hydrolysis. To further corroborate the presence of lactose as a synthetic product of the active mammary gland in a pure glucose solution, the velocity of reduction of the filtrates was determined. This method for the detection of sugars in pure solution has recently been published by Shaffer and Somogyi (18) . The velocity of reduction was determined for tube 1 in the preceding experiment containing 0.4 gm. of rat mammary gland and 100 mg. per cent glucose. The velocity of reduction as determined is given in the curve, Fig. 1 .
A reproduction of the curves obtained for glucose and lactose by Somogyi is also shown in Fig. 1 . By comparing the two curves it is seen that the sugar obtained from the action of mammary gland on glucose approximates the curve given for lactose, the variation during the first few minutes of boiling being due to the contained glucose.
DISCUSSION
It is at once apparent from a study of the results shown in the tables that there is a storage of some form of precursor of lactose in the mammary gland, this precursor being non-reducing but which becomes liberated and reducing when the tissue is placed in a glucose, and to some extent a lactose or galactose, solution. From Table I we see that an incubation of the active gland plus glucose plus serum gives a total reduction of 299, with the control giving 223. There is then an increase in the gland mixture of 76 mg. over the control, this increase necessarily coming from the gland tissue. Galactose apparently inhibits the liberation or formation of lactose from the stored material to some extent; while lactose has also a slight inhibitory effect.
In the case of the filtrate containing the glucose, serum, and gland, it is seen that the glucose of the serum and the added glucose were converted almost quantitatively into lactose; 299 before against 282 after fermentation. This means a conversion of 179 rag. of glucose into lactose giving after conversion a reduction of but 0.46 × 179 = 82. The remaining constituent is the gland alone and has a reduction value of 25, giving a total calculated reduction in the mixture after fermentation of 82 4-25 = 107. The amount liberated from the gland would then be 282 --107 = 175 mg. (determined as glucose).
Comparing this with the filtrate containing the lactose, serum, and gland, it is seen that the glucose of the serum was also converted almost quantitatively into lactose, 245 before against 240 after fermentation. This means a conversion of 91 rag. of glucose in the serum to lactose, giving after conversion a reduction of but 0.46 X 91 = 42. The remaining constituents, gland plus lactose, have a reducing value of 25 and 46 respectively, the total being 41 4-25 4-46 --112. The amount liberated from the gland is then 240 --112 --128.
In the case of the filtrate containing the galactose, the glucose of the serum (96 rag.) was again converted almost quantitatively into lactose, 200 before against 193 after fermentation. If we again assume that this 89 rag. of glucose is actually converted into lactose, it would then have a reducing value of 0.46 × 89 --41. The remaining constituents, gland and galactose, have a reducing value of 25 and 76 respectively, the total being 41 4-25 4-76 = 142. The amount liberated from the gland is then 193 --142 = 51.
The glucose-containing filtrate effected a liberation from the gland of 175 rag. of lactose (determined as glucose); the lactose filtrate effected a liberation of 128; and the galactose filtrate effected a liberation of but 51 rag. of lactose.
In the case of the second rat (Table II) the results are not so striking as the first animal. Here we have the values 294 before against 207 after fermentation. Since we added to the gland 97 rag. of glucose, and we have in the gland 178 --130 = 48 mg. of fermentable reducing substance, we may consider that we have a lactose-forming potentiality here of 97 4-48 --145 mg. However, only a part of this was converted to lactose, 294 --207 = 87 mg. was fermented out. This leaves 145 --87 = 58 mg. of glucose converted to lactose and then giving a reduction value of 0.46 X 38 = 27. The amount of precursor liberated (as lactose) would then be 207 --(178 4-27) = 2 or practically nothing.
Here then, we did get a synthesis of lactose from added glucose, with no concurrent liberation of lactose precursor as in the preceding experiment.
The explanation of this lies probably in the fact that this animal was taken just prior to being suckled, the mammary glands being engorged with contained milk; while the previous animal was taken after being suckled, the glands being practically devoid of milk. This would indicate that in the case of the second rat the lactose precursor storage depots have been exhausted, and will not be replenished until the gland is emptied; while in the first animal the gland was caught at the height of its lactose precursor storage activity in preparation to filling the gland with milk.
The indications are then that there is a rhythm of activity of the gland depending on the cyclic emptying of the gland of secreted milk. This rhythm is manifested by a storage in the gland itself of some substance which is readily and rapidly converted to lactose when the call is made for it; that is, when the gland is emptied of contained lactose--by suckling or milking--there is a liberation and conversion of this substance into lactose, then a subsequent filling and engorgement of the tubules of the gland with m{ll~, and again a storage of milk precursor. It is a well known fact that failure to milk a lactating animal will cause a "drying up," while continued milking causes continuous secretion.
The place of synthesis of lactose is unquestionably in the mammary gland. The second hypothesis of Bert, that the lactose was formed in the blood and secreted in the mammary gland, could not be true. However, his first hypothesis, that the lactose was formed by constituents stored in the mammary gland, similar to the storage of glycogen by the liver, may be partially true. There is a storage o[ lactose precursor in the gland, which, however, seems to require a substrate of sugar to be liberated. In other words, the blood with its contained sugar is necessary for the formation of milk sugar; and not only is the glucose of the blood the prime precursor of the milk sugar but it is a mechanism for the liberation and formation of the lactose from its precursor.
That the reducing non-fermentable disaccharide which is being obtained as a synthetic product of lactating mammary gland action is lactose seems to be indirectly proven. When the gland is placed in a solution of glucose and incubated, the glucose is used up, and some non-fermentable substance appears in its place.
This non-fermentable substance is reducing, and is demonstrated to be a disaccharide by the hydrolysis experiments. Further, it is shown to be lactose by its specific velocity of reduction of an alkaline copper solution. Since the filtrate used in determining the velocity of reduction had some glucose in it, the curve obtained shows an initial velocity of reduction higher than for pure lactose; but since the glucose reaches its maximum reduction in 5 minutes the curve obtained approaches more nearly that for pure lactose. SU~RY 1. The mammary glands of rats in the height of lactation were frozen in situ, removed, and dried in the vacuum in the frozen state.
2. The dried gland, added to pig serum, pig serum plus glucose, pig serum plus galactose, and pig serum plus lactose, then incubated at 37.5°C., yielded a synthesis of non-fermentable, reducing material.
3. The dried gland added to glucose solution alone and incubated at 37.5°C. yielded a synthesis of a non4ermentable reducing disaccharide, having a reaction velocity of reduction resembling that of pure lactose.
4. There is a "short time" storage of some forms of lactose precursor in the active mammary gland. This precursor is non-reducing but becomes available and reducing when the gland is placed in a solution containing glucose. 
